Abstract-The paper proposes a decentralized excitation controller to improve the stability of large power systems. Extended Lyapunov-like energy function and equivalent expressions of stator transient voltages are utilized to design a nonlinear adaptive excitation controller. The proposed controller only requires local machine measures and parameters. The performance of the designed excitation control system is evaluated on the well-known IEEE 118-bus 54-unit power system and compared with conventional exciter controls. 
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I. INTRODUCTION
H IGH-VOLTAGE transmission systems are complex, interconnected systems, whose dynamic response, stability analysis and control have been object of intense study in the last century. Due to the large number of equations and constraints that describe real-world power systems, and the resulting high complexity, most techniques aimed at defining and improving transient stability following large disturbances, are generally based on limited simplified models [1] - [4] . By utilizing such simplified models, a number of control technologies are presented to design effective excitation controllers [5] . In fact, in the realistic applications, the more accurate the model is, the better performance the designed control system has, but also the more challenges one needs to address [6] . RNM and SPM are two types of power system models for the excitation control problem. We will, respectively, discuss their properties and relative merits in the following part.
In the existing literature, various RNMs were presented through eliminating the network topology and the loads by utilizing the integral manifold method [7] , [8] or the singular perturbation approach [9] - [12] , or by explicitly solving the power flow constraints under the constant impedance loads assumption [13] . The RNMs are a set of nonlinear ordinary differential equations, so the conventional control methods can be applied to obtain many interesting results with the help of Lyapunov functions, for instance, adaptive backstepping, L 2 disturbance attenuation, dynamic surface, neural network and high-order sliding-mode methods have been utilized to design robust nonlinear excitation controllers [14] - [20] , and a centralized excitation control law has been designed by using the Hamiltonian function method [21] . Nevertheless, RNMs only include the limited terms related to generator buses rather than the whole network buses, i.e., the load bus voltages are neglected in RNMs. Thus, as pointed out in our aforementioned discussion, the performances of the corresponding designed excitation control systems may be not satisfactory in the realistic applications.
Differing from these, the SPM was firstly proposed in [22] and it naturally preserves the physical meanings of power network components. But since the SPM is a set of nonlinear differentialalgebraic equations, many classical control techniques, e.g., backstepping, cannot be applied directly. Only a few works investigated how to overcome the limit of the SPM-based transient stability assessment and control. In [23] , [24] , the immersion and invariance method has been applied to a differential algebraic single-machine power system to design an excitation controller. But as stated in [25] , this work neglected the reactive power balance and the considered model was not correct. Besides, there are also other beneficial results with the key idea of constructing energy functions. For example, in [26] - [28] , Lyapunov-like energy functions have been constructed to perform transient stability analysis based on the traditional swing equation dynamic model which is a simplified SPM; and in [29] , energy-shaping technologies have been used to design decentralized excitation controller. However, the existing works neglect the transient effects of the damper winding and the transient saliency which are significant factors, due to the intrinsic difficulties encountered in constructing Lyapunov functions and the controller singularity problem (see Section III-B for further explanation). In addition, the fact that the dynamic models of bus voltage magnitudes and angles and the exact values of SPM parameters, while they also play an important role in transient stability studies, are generally unknown, and this should be considered in the excitation controller design.
In summary, for transient stability problem, it is necessary to comprehensively consider the aforementioned factors on the SPM, and then to tackle the corresponding challenges. Therefore, this paper proposes an extended Lyapunov-like energy function and a nonlinear adaptive decentralized excitation control strategy to improve transient stability of a structure preserving power system with nonlinear loads. Compared with the previous works, the main features of the proposed controller are threefold: (i) the design of the controller is based on relatively accurate power system model; (ii) only local machine quantities are needed to design the controller; and (iii) adaptive scheme is given to maintain robustness of excitation system even though there are unknown or varying in the SPM parameters involved by sudden and severe disturbances.
The remainder of the paper is organized as follows: Section II describes a high-order SPM. Section III proposes an extended Lyapunov-like energy function. In Section IV, a nonlinear adaptive decentralized excitation controller is designed based on the proposed energy function. The controller evaluation results are presented in Section V. Conclusions are drawn in Section VI.
II. STRUCTURE PRESERVING MODEL
We consider an m-machine b-bus structure preserving power system shown in Fig. 1 . Without loss of generality, the two-axis model is utilized for all m machines. The following notation is adopted in the remainder of the paper:
1) If l / ∈m, then P e l = Q e l = 0. 
A. Generator Model
In this paper, we consider a fourth-order synchronous machine model [3] , [4] , as follows:
Note that: The excitation voltage E f d j is equivalently trans-
B. Lossy Network Model
The transmission lines are modeled with the standard lumped
C. Load Model
The loads at each bus are represented by the following arbitrary functions of the voltage and the angle at the bus
Note that, for the definition of the proposed control scheme, the expression of f pl and f ql do not need to be known explicitly.
Finally, load power consumptions are linked to the grid through well-known power flow equations:
III. LYAPUNOV-LIKE ENERGY FUNCTION
In this section, we define a Lyapunov-like energy function that has a unique minimum on the operating point of structure preserving power system model consisting of (1)-(5).
A. Structure Preserving Energy Function
In [30] , the nonexistence of an energy function of a lossy power system has been shown. Thus, a necessary condition for the success of the energy function method is that the network is assumed to be lossless, i.e., G lk = 0. This is a general assumption which has been widely used in power systems analysis and control [19] , [21] , [27] - [29] , [31] , [32] . The few attempts to remove the constraint G lk = 0, appears to be limited to small examples (see, for example, [33] ). We will, hence, assume a lossless transmission system. Note, however, that this assumption does not affect the resulting control scheme, as discussed in the case study.
We consider the following energy function:
Proposition 1: The operating point x 0 is the unique minimum of the energy function E in (6) based on the facts:
Hess(E) | x=x 0 > 0.
Proof: See the Appendix. According to the proposition above, E(x) is a Lyapunov-like energy function.
It is important to note that (6) is not unique. As a matter of fact, in the literature, several other energy functions have been proposed [4] . For example, the following energy function is often employed to analyze the stability of the open-loop power system (i.e. for u j = 0):
Proposition 2: E in (9) satisfies the conditions:
Proof: See [4] . The method proposed in [34] to justify the positive definiteness of the Hessian matrix of (9) is computationally very demanding and, for large systems, it is actually not possible to decide whether E is a Lyapunov function. This is the main weakness of the "open-loop" analysis framework and several other energy functions considered in the literature and the main motivation for proposing (6) . In the remainder of the paper, we will study the nonlinear excitation control synthesis and analyze the stability of the closed-loop power system based on the Lyapunov-like energy function E given in (6).
B. Problem Statement
Based on SPM, i.e., (1), (2), (3), (4), (5) and (19) as described in Section II and in Appendix, respectively, the time derivative of E(x) along the system trajectory iṡ
Through the observation of (12), the following remarks constitute relevant challenges for the design of the excitation control:
1) It is difficult to cancel the nonlinear function term E dj φ dj /x q j through the control input u j , because of controller singularity. 2) Due to the implicit form of V t l and θ l , the dynamicsV
The exact values of power system parameters are known with a certain degree of uncertainty. These challenges are addressed in the following section.
IV. EXCITATION CONTROL BASED ON ENERGY FUNCTION
From Proposition 1 given in Section III-A, a natural idea to ensure post-fault transient stability is to impose that the time derivative of the energy function E(x) is non-positive. This condition is direct consequence of Lyapunov second stability method. With this aim, in this section, an adaptive decentralized control scheme is proposed to solve the difficulties discussed in Section III-B.
A. Preliminaries
We first introduce the following two standard assumptions to make the control synthesis tractable.
Assumption 1:
The following approximate expressions of E qj andẼ dj are used for the control synthesis:
Assumption 2: There exist unknown positive constants
Remark 1: Note that, based on (2), and using triangle function identities, one can get the following expressions:
Thus, one can conclude that the values of E q j (E d j ) depend much more on S dj (S qj ) than on α dj (α qj ). Moreover, since
= S qj and α dj . = α qj . Hence, Assumption 1 is reasonable.
Remark 2: As stated in Remark 1, Assumption 1 is a conventional hypothesis for establishing a relationship betweenẼ qj andẼ dj to avoid the singularity problem. In addition, based on power flow (5) and the implicit function theorem, the time derivatives of implicit algebraic variables (V t j , θ j ) can be deduced as nonlinear functions of system variables x which are known to be bounded (see [19] ) by means of various protection schemes such as operating security limits. Therefore, the dynamicsV t l andθ l are also bounded and Assumption 2 with unknown bounds is reasonable.
Lemma 1: The following inequality holds for any ε > 0 and for any ζ ∈ R 0 |ζ| − ζ tanh(ζ/ε) κε,
κ is a constant that satisfies κ = e −(κ+1) , i.e. κ = 0.2785. Proof: See [35] . In the following, Lemma 1 will be utilized to process the uncertainties resulting from unknown bounds λ 1l and λ 2l in the proposed adaptive control design and analysis.
B. Excitation Controller Design
AEC, for which only local information is needed, is proposed as follows.
First, letθ kj (k = 1, . . . , 5) denote the parametric estimates and defineθ 1j =θ 1j −
as the parameter estimation errors. (12) and (13), we obtain:
Finally, the control signal u j , which incorporates adaptive updating laws of unknown parameters, is designed as follows:
In order to clearly show the above controller, block diagram is given in Fig. 2 . Substituting (17) into (16) and applying LEMMA 1, we obtain:
The inequality (18) indicates that the proposed control scheme is stable in the Lyapunov sense.
Remark 3: In the post-fault transient, system trajectories can deviate from their equilibrium points and lead the term W along the post-fault system trajectory such that the power system will asymptotically converge to the region x − x 0 ≤ κ m j =1 Θ j with arbitrarily small constants μ 1j and μ 2j . Remark 4: For practical implementation of the proposed adaptive excitation system model, a conventional approach as shown in Fig. 3 (see [36] for reference) is to add the AEC output signal u j to the voltage reference set point (V REF , see [37] for details) to produce an error voltage for the exciter which is equipped on jth generator. In other words, the proposed AEC is actually implemented as an additional signal added to the voltage error calculation, i.e., automatic voltage regulator (AVR) summing input [37] . In steady state, this signal u j is zero. As such, the main structure of the existing excitation system (AVR) is not altered. 
V. CONTROLLER PERFORMANCE EVALUATION
The IEEE 118-bus 54-unit interconnected power system shown in Fig. 4 is utilized to evaluate the performance of the proposed AEC. The on-line capacity is P = 9966 MW, [1] . All simulations are carried out using MATDYN [38] and MAT-POWER [39] . It is important to note that, although the AEC model is proposed based on the energy function with a conventional lossless approximation as described in Section III-A, the simulations are performed using the lossy network model as shown in Section II-B.
The following mean errors are defined as the simulation outputs to achieve a holistic evaluation.
The performance evaluation of the designed AEC is achieved by comparing with the RNC in [18] and the standard IEEE Type DC1C/AC4C excitation systems [37] . Moreover, throughout the simulation, all 54 machines are assumed to be driven by turbines with constant mechanical output power and are represented by the fourth order model that includes the transient effects of damper winding and transient saliency.
There are three points to be explained: (i) the AEC requires the measurable relative angle (δ j ), not each quantity (δ j or θ j ) independently; (ii) (extended) Kalman-filter based dynamic estimators [40] , [41] can be employed to estimate the q-axis stator transient voltage (E q j ) which cannot be measured directly; and (iii) the AEC does not need prior knowledge of exact values of power system parameters.
The simulation output variables are chosen as relative rotor speed (S ω j ), bus voltage magnitude (V t l ), machine reactive power (Q e j ), excitation voltage (E f d j ) and their mean errors (S n ω , V n t , Q n e , E n f d ) defined above, for all 54 machines (∀j ∈m) and 118 buses (∀l ∈b). In addition, Table I provides the simulation comparison scheme which is implemented through the following 3 scenarios (S1, S2, S3).
1) Scenario 1. Transmission Line Outage Fault:
A smalldisturbance test, in which outage occurs on branch between buses 30 and 38 at 0.2 s, is performed to simulate a transient reduction of the power transfer capability that can lead to power oscillations. From Figs. 5-8 which are the response trajectories of all output variables in this case, we find that all the three excitation models are effective to recover stable steady-state condition but, compared comprehensively (see Table II for the comparison results with 3 indexes): (i) AEC has the best voltage regulation performance with the highest accuracy and the lowest cost of control; and (ii) for the rotor speed, AEC and RNC yield similar performances which are better than those of standard IEEE controllers.
Thus, a small fault case depicted above verifies the effectiveness and the superiority of our AEC, but since there exists possibility of more serious faults in practice and it is necessary to further evaluate and compare the regulation performance of AEC, we consider a three-phase fault in the next scenario.
2) Scenario 2. Three-Phase Short-Circuit Fault: A large disturbance namely three-phase fault that occurs on bus 1 at 0.2 s and then is cleared after 250 ms, is utilized to further evaluate our AEC. During the fault, the synchronous machine at the faulted bus cannot generate active and reactive power normally, and the voltage at this short-circuit bus will drop to zero. As such, in the post-fault period, if there is no valid excitation control, the fault may trigger critical oscillations and may eventually lead to the whole system instability.
As shown in Figs. 9-12, the response curves of the outputs of AEC, RNC, and IEEE standard controllers, which are obtained by considering this large fault, are compared (see Table II for further results). Following this: (i) the proposed AEC is able to get the smoothest and the most stable responses and to regulate the voltages to their desired values in the most accurate way by the lowest costs of reactive power injection and field voltage control; (ii) the RNC exhibits smaller overshoot and steadystate error on the rotor speed responses of only a few machines than the AEC, but the RNC cannot eliminate high-frequency oscillation and over-voltage; and (iii) the system controlled by IEEE AC4C/DC1C, instead, is unstable.
Consequently, in comparison with RNC and IEEE controllers, the proposed AEC displays its ability to mitigate the large fault effects and to recover system steady-state in a short time. In addition, only a single fault is included in each of the above scenarios, in order to assess the performance of the AEC under a relatively complex situation, multiple faults are utilized in the next scenario.
3) Scenario 3. Multiple Faults:
In this case, we consider multiple faults on bus 33. At 0.2 s, three-phase short-circuit happens, after that, it is cleared at 0.45 s, and in the meanwhile, load shedding occurs. Besides the influences of three-phase fault discussed in the last scenario, the imbalance between load demand and generation may result in frequency deviation.
In Figs. 13-16 , we find that all the three excitation models can ensure the stability under this multiple faults condition, furthermore, as depicted in Table II : (i) for both the transient process and the steady-state, the AEC exhibits the most excellent post-fault voltage regulation by spending least costs for reactive power and excitation voltage; and (ii) for the transient process, although AEC has slightly bigger amplitude of the rotor speed responses than RNC, all the output trajectories of AEC are more stable than those of RNC and IEEE controllers.
To sum up the above three scenarios, the AEC has adaptability to different fault conditions and has an outstanding regulation performance beyond conventional excitation models. This is mainly due to the fact that our AEC is derived based on the relatively accurate SPM and the proposed extended energy function which possesses both Lyapunov characteristic and physical interpretation. Additionally, the comparison results also confirm the theoretical ones given in the previous section.
VI. CONCLUSION
The paper proposes a nonlinear adaptive excitation controller that improves the dynamic response of multi-machine power systems. The main features of the proposed controller are: (i) it accounts for high-order structure preserving power system models with nonlinear loads; (ii) it requires only local measurements and data without prior knowledge of exact SPM parameters; (iii) it uses only four available variables for feedback (as discussed in Section V); and (iv) it includes only three parameters to be tuned. The results obtained in the case study show that the proposed controller outperform conventional control schemes and is able to keep the system stable also in case of large critical disturbances. Future work will focus on the analysis of the dynamic response of the proposed controller for systems with high penetration of renewables and non-synchronous generation. 
where
The expressions shown in (19) lead to (7) . The Hessian matrix of E, calculated at the operating point, is as follows:
x q j x q j x q j } .
From positive definite Jacobian of normal power flow which corresponds to local regularity [27] , Lemma 1 in [29] and Proposition 2 in [31] , one can prove (8) . Since both conditions (7) and (8) are satisfied, the energy function E is Lyapunov-like function.
